ABSTRACT: Manipulation of genes in human embryonic stem cells (hESCs) is imperative for their highly potential applications; however, the transduction efficiency remains very low. Although existing evidence revealed the type, size, and zeta potential of vector affect gene transfection efficiency in cells, the systematic study in hESCs is scarce. In this study, using poly(amidoamine) (PAMAM) dendrimers ended with amine, hydroxyl, or carboxyl as model, we tested the influences of size and surface group as well as cytotoxicity and endocytosis on hESC gene transfection. We found that in culture medium of mTeSR the particle sizes of G5, G7, G4.5COOH, and G5OH were around 5 nm and G1 had a smaller size of 3.14 nm. G5 and G7 had a slight and significant positive zeta potential, respectively, whereas G1 was slightly negative, and G4.5COOH and G5OH were significantly negative. We demonstrated that only amine-terminated dendrimers accomplished gene transfection in hESCs, which is greater than that from Lipofectamine 2000 transfection. Ten micromolar G5 had the greatest efficiency and was better than 1000 μM G1. Only a low concentration (0.5 and 1 μM) of G7 realized gene delivery. Amine-ended dendrimers, especially with higher generations, were detrimental to the growth and pluripotent maintenance of hESCs. In contrast, similarly sized hydroxyl-and carboxyl-terminated dendrimers exerted much lower cytotoxicity, in which carboxyl-terminated dendrimer maintained pluripotency of hESCs. We also confirmed the endocytosis into and significant exocytosis from hESCs using FITC-labeled G5 dendrimer. These results suggested that careful considerations of size, concentration, and zeta potential, particularly the identity and position of groups, as well as minimized exocytosis in the design of a vector for hESC gene delivery are necessary, which helps to better design an effective vector in hESC gene transduction.
■ INTRODUCTION
Human embryonic stem cells (hESCs) are defined by their capacity to self-renew while maintaining their ability to differentiate into virtually any cell type. Due to their efficient clonal propagation, they have wide-reaching potential applications, such as cell replacement therapies and regenerative medicine. hESCs also serve as excellent models for the study of human embryonic development, organogenesis, pathology, and drug/biomaterial toxicity screening. In particular, hESCs are an unparalleled tool for manipulating the human genome. 1, 2 To realize gene regulation, exogenous genes should be transferred into hESCs. Upon successful gene delivery, stemness maintenance or directed differentiation of hESCs could be achieved. Furthermore, unknown genes could be discovered and their function could be studied and utilized in gene therapy and gene immunization, 3 a possible strategy for treating various human disorders because most of these disorders are related to the genetic makeup of the patient. 3, 4 For example, the finding of ESC cycle-specific miRNAs reveals an important pluripotency regulation mechanism, where ESC-enriched or ESC-depleted miRNAs regulate the induction of pluripotent stem cells (iPSCs). 3 A delivery system is required to protect, compact, and deliver genes expected to enter hESCs, since free genes are normally degraded in the systemic circulation and in vitro culture system. To date, many techniques have been used to transfer genes into hECSs to generate genetically stable modified hESC lines, including physical (electroporation), viral-mediated (infection), and chemical-based (transfection) procedures. Electroporation gives a poor efficiency of ∼2% in hESCs due to the low survival rates. 5, 6 Gene manipulation by viral infection produces a high percentage of modified cells. The most efficient lentiviral vectors with risk of insertional mutagenesis yield 22−25% transduction efficiency in H1 and H9 hESCs. 5 By removal of the feeder cells and lowering the density of hESCs in a monolayer, the transduction efficiency is significantly improved. 7 However, the safety concerns limit the use of viral vectors for human gene transfer, 8 even though low-risk insertional mutagenesis vectors derived from adenovirus and adeno-associated virus (AAV) exist but have an unsatisfactory transduction efficiency of ∼11%. 9 Transfection is the most possibly used method for introducing transgenes into hESCs. It is straightforward, relatively easy to calibrate, provides a sufficient number of cells for clonal expansion, can be performed on adherent cell cultures, and allows the insertion of constructs of virtually unlimited size. 5 A cationic star copolymer with a β-cyclodextrin core comprised of poly(2-dimethyl aminoethyl methacrylate) as the cationic component and poly(2-hydroxyethyl methacrylate) as the nontoxic stealth component reveals low toxicity and comparable or better transfection capabilities than Lipofectamine 2000. 4 A cationic, hydrolytically degradable poly(beta-amino esters) presents an efficiency of 22%, which is 4-fold higher than that from Lipofectamine 2000 and maintains hESCs in undifferentiated state. 10 A recent work reports a 50% transduction efficiency using a cell-binding ligand (RVG) conjugated redoxsensitive biodegradable dendrimer-type arginine-grafted polymer (PAM-ABP).
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Gene transduction in hESCs reveals very low efficiency in comparison to other cell types, especially the immortalized human tumor cell lines with almost complete efficiency. 12 Generally, the delivery system is uptaken in cells through endocytosis or fusion of lipid vesicles to the plasma membrane. hESCs lack substantial phagocytic capacity. 13 To be worse, hESCs are found to have profuse excretion of the gene delivery vectors. 14−17 To accelerate the hESC application, safe and efficient nonviral delivery system for hESC gene delivery is needed.
Cationic nanoparticles are promising candidates for hESC transduction, as has been shown in recent works. 4, 10, 11 Cationic nanoparticles have amine end groups, which can integrate genes and cell membranes through charge interactions and promote endocytosis. However, previous studies have reported that the cationic nanoparticles, especially those larger in size, readily damage cell membranes and lead to cell lysis. 18 On the other hand, small modifications of cationic polymer forming gene delivery nanoparticles, including modifications in size (in the range of 200−400 nm) and zeta potential (in the range of 5−16 mV), greatly affected the gene transfection efficacy. 10 Thus, it is essential to carefully design the cationic nanoparticles used for difficult-to-transfect hESCs, which are expected to not only efficiently deliver genes but also maintain viable and pluripotent (except of those for directing differentiation) hESCs.
Here the influences of size and surface group as well as cytotoxicity and endocytosis on the hESC gene transfection were tested systematically using poly(amidoamine) (PAMAM) dendrimers as model cationic nanoparticles. PAMAM dendrimers are tree-like molecules that grow from a central core and are composed of several layers (so-called generations). The reasons for choosing PAMAM are as follows. (1) They have widespread popularity in the gene delivery field and achieve gene delivery in hESCs. 18 The positive charge at a physiological pH and "proton-sponge" effect from their secondary and tertiary amines in the core allow PAMAM to compact genes. The interaction of PAMAM with cellular membranes facilitates formation of small (15−40 nm), transient pores and entrance of PAMAM/ genes complex. 19 (2) They have homogeneous molecular structure, globular architecture, nanometric size, and wide molecular weight range among different generations. (3) They have changeable surface functional groups besides amine, such as hydroxyl or carboxyl groups or even the arginine-glycine-aspartic acid (Arg-Gly-Asp, RGD) sequence. 20 
■ EXPERIMENTAL SECTION
Cell Culture. Human embryonic stem cells (H1) were grown on a matrigel-coated surface, added with mTeSR medium (Stem Cell Technologies, Vancouver, BC, Canada) at 37°C under a 5% CO 2 atmosphere. The culture medium was exchanged daily. Eight min Dispase (Stem Cell Technologies, Vancouver, BC, Canada) digestion was used for routine passage of hESCs. Undifferentiated colonies were carefully collected using a StemProEZ Passage cell scraper (Invitrogen, Waltham, MA) followed by gently pipetting into small aggregates, which were then dispensed into a fresh culture dish.
Dendrimer Characterization and Preparation. PAMAM dendrimers of amine-terminated generations one, five, and seven (G1, G5, and G7), carbonyl-terminated generation four and one-half (G4.5COOH), and hydroxyl-terminated generation five (G5OH) (Chengyuan Dendrimer Materials, Weihai, Shandong, China) were used in this study. G1, G5, and G7 were employed to assess the influence of particle size on gene transfection. By contrast, G5, G4.5COOH, and G5OH were used to evaluate the impact of the end group on gene delivery upon previous observation that G5 is the best size for gene transduction for mesenchymal stem cells. 20 Dendrimer particle sizes and zeta potential were measured by dynamic light scattering (DLS) and electrophoretic light scattering (ELS) using a Zetasizer Nano-ZS, Malvern Instruments (Worcestershire, UK), in water or mTeSR medium at a concentration of 100 μM and pH 7.4. Dendrimers used for cellular study were dissolved in mTeSR medium at predetermined concentrations.
Enhanced Green Fluorescent Protein (EGFP) Transfection Using Dendrimer. Transfections were carried out using G1, G5, G7, G4.5COOH, or G5OH as vector. The commercial Lipofectamine 2000 Reagent (Invitrogen, Waltham, MA) and EGFP plasmid (gift from Dr. Hucheng Zhao at the School of Aerospace Engineering, Tsinghua University) alone were used as controls. Different concentrations of dendrimers dissolved in mTeSR solution were incubated with 5 μg of EGFP plasmid at room temperature for 1 h. For transfection with Lipofectamine 2000, 5 μL of Lipofectamine 2000 reaction solution and 5 μg of EGFP plasmid were respectively diluted in 100 μL of Opti-MEM medium (Invitrogen, Waltham, MA) at room temperature for 5 min followed by mixing and incubating at room temperature for 5 min. The vector/plasmid complex or empty plasmid was added into the 2-day cultured hESCs and incubated for 6 h before being replaced with fresh mTeSR daily. The EGFP fluorescence intensity was monitored by confocal laser scanning microscopy (Zeiss L710, Jena, Germany) daily for 4 days. GFP-positive cells were counted and normalized to those from Lipofectamine 2000. Average green fluorescence intensity per cell at 96 h (since the fluorescence is brightest at that time point) was analyzed using ImageJ software (Bethesda, MD).
Cytotoxicity of Dendrimer in hESCs. hESCs seeded in 96-well plates at a density of 5−10 cell clones per well were allowed to attach overnight at 37°C in a 5% CO 2 humidified incubator before being replaced with fresh mTeSR medium containing dendrimers in a concentration of 1, 10, 50, or 100 μM. Dendrimer-containing medium was exchanged daily for 4 days. To test the time-dependent cytotoxicity, the cells cultured at a given day were incubated with CCK8 reaction solution (Beyotime, Nantong, Jiangsu, China) for 3 h. The absorbance (OD) was read at 450 nm and then calculated as a fold related to the control (absence of dendrimer) or to the OD value on the first day.
Endocytosis of Dendrimer in hESCs. Endocytosis of G5 in hESCs was observed using confocal microscopy. G5 dendrimer was labeled with FITC (Sigma-Aldrich, St. Louis, MO) in water solution at a concentration of 0.36 g/mL first. 21 For this, FITC was dissolved in DMSO at a concentration of 1 mg/mL before being added to G5 solution, where the molar ratio of dendrimer to FITC was 1:50. The mixture was stirred overnight at room temperature followed by centrifugation three times with Fluorescent Dye Removal Columns (Thermo Scientific, Waltham, MA) to remove the unconjugated FITC, according to the manufacturer's instructions. Purified FITC-G5 conjugate was subsequently lyophilized and stored at 4°C until use. hESCs grown on a matrigel-coated thin glass dish for 3 days were incubated in Hoechst 33342 (Enzo, NY) diluted 1:1000 in PBS for 10 min and washed with PBS thrice. FITC-G5 dissolved in mTeSR at a concentration of 10 μM was added to the hESCs, at which the time point was set at zero. Endocytosis of Hoechst 33342 and FITC-G5 by hESCs was imaged using confocal microscopy with three-dimensional sectioning for nine layers in 1.78 μm per layer and every 9 min for a total of 180 min. Fluorescent images and average fluorescence intensity per cell at different time points were presented in nine layers.
Reverse Transcriptase−Polymerase Chain Reaction. hESCs seeded in a 24-well plate at a density similar to the cytotoxicity study were allowed to attach overnight. They were incubated with fresh daily exchanged medium containing dendrimers of 1, 10, 50, or 100 μM for 3 days. RNA was extracted from dendrimer-treated hESCs using RNA extraction kit (TIANGEN, Beijing, China) according to the manufacturer's instructions with an in-column DNase digestion step. cDNA was synthesized using ReverTra Ace-a (TOYOBO, Osaka, Japan) following the manufacturer's instructions with 1 μg of RNA per reaction in a total volume of 20 μL. A reverse transcriptase−polymerase chain reaction was carried out using KOD SYBR qPCR Mix (TOYOBO, Osaka, Japan) following the manufacturer's instructions. Relative gene expression to control was presented. Different annealing temperatures and primer pairs used were as follows (see Table 2 ).
Immunocytochemistry Assay. Dentrimer-treated hESCs, as operated in reverse transcriptase−polymerase chain reaction, were fixed with 4% PFA for 15 min at room temperature. After a PBS wash for 5 min thrice, the cells were permeabilized using 0.4% Triton in PBS (as required for the antibody) for 10 min and blocked in a buffer consisting of 1% BSA in PBS for 60 min at 37°C before being incubated with primary antibody diluted 1:50−1:300 in blocking buffer overnight at 4°C. The primary antibodies were as follows: Alexa Fluor 488 conjugated Oct-4A (CST, Boston, MA), Alexa Fluor 647 conjugated Nanog (CST, Boston, MA), and E-cadherin (CST, Boston, MA). The cells were further washed seven times in PBS at room temperature and incubated with secondary antibody (Dylight 594 donkey anti rabbit, Abcam, Cambridge, UK) diluted 1:500 in blocking buffer for 1 h at 37°C. After being washed in PBS seven times, the cells were incubated in Hoechst 33342 diluted 1:1000 in PBS for 15 min, washed three times with PBS, and stored at 4°C before being observed using confocal laser scanning microscopy. At least 20 cells were imaged in one experimental group. The representative fluorescence images of Nanog and quantitative measurement of fluorescence intensity were presented.
Statistical Analysis. All experiments were repeated at least three times. Statistical analyses were performed using GraphPad Prism 5.0 for Windows (La Jolla, CA). The results are presented as the mean ± SEM. Unpaired, Student's t-test was performed to determine the statistical significance of differences between any two of the three groups for gene transfection, stemness, and differentiation. Two-way ANOVA with the Holm−Sidak test was used to assess the significant differences for cellular viability.
■ RESULTS
Characterization of Dendrimer. The particle size and zeta potential of dendrimers in water and mTeSR medium were tested (Table 1) . In water solution, the particle size and zeta potential of amine-ended dendrimers were increased with the generations (G1 vs G5 vs G7). The size of G5OH was between G5 and G7, and the size of G4.5COOH was closer to G1 rather than G5. The zeta potential of G5OH and G4.5COOH was both slightly negative. In mTeSR, the size differences of all tested dendrimers were greatly decreased. The zeta potential of G5 and G7 was slightly and significantly positive, respectively. Intriguingly, the zeta potential of G1 was changed to slightly negative, possibly due to the conjugation of the counterion. The zeta potential of G5OH and G4.5COOH was changed to significantly negative.
Gene Transfection in hESCs Using Dendrimer. To study the gene transfection efficiency of dendrimers in hESCs, a fluorescent visible gene expressing EGFP was used. We found that 1−100 μM G4.5COOH and G5OH had no gene transfection capability, mainly due to their highly negative charges in mTeSR. In contrast, 1000 μM G1, 1, and 10 and 50 μM G5 as well as 0.5 and 1 μM G7 showed good transfection efficacies for hESCs (fluorescence images in Figure 1A ), which were enhanced 5.5-, 6.2-, 15.9-, 9.0-, 5.7-, and 5.1-fold, respectively, in comparison with that from Lipofectamine 2000. These results were also confirmed by the number of GFP-positive cells ( Figure 1B ) and corresponding fluorescence intensity quantification in one cell ( Figure 1C ). We also found that all cells received successful gene transfection grew normally following gene transfection (DIC images in Figure 1A ). These results disclosed that EGFP transfection in hESCs was mostly affected by the terminal group (zeta potential), followed by concentration and size of the dendrimers used. Dendrimer-Induced Cytotoxicity in hESCs. To further uncover the factors affecting the gene transfection efficiency of dendrimers in hESCs, the dendrimer-mediated cytotoxicity in hESCs was assessed using the CCK8 kit. We found that all dendrimers in a concentration range from 1 to 100 μM inhibited the growth of hESCs compared with the control (Figure 2) . Specifically, the cytotoxicity observed after being exposed with 1 μM G1, G5, G4.5COOH, and G5OH dendrimers was not significantly different. However, when the dendrimer concentration was increased to 10 μM or higher, the cellular viability of G5-treated cells decreased to zero, whereas cells with G1, G4.5COOH, or G5OH dendrimers maintained viability greater than 57%, compared with control ( Figure 2B ). One to 100 μM G7 dendrimer exhibited 100% of cytotoxicity ( Figure 2B ), even though 0.5 μM G7 had no significant toxicity in hESCs, except for 4-day culture ( Figure 2C ). Compared with control, G1, and G5OH, the cellular viability of G4.5COOH dropped sharply with the increase of concentration ( Figure 2B ), which was also confirmed from the increased dead cells in optical images (Figure 2A ). During the 4-day culture period, the viabilities of cells exposed with 1−100 μM G1, G4.5COOH, or G5OH or 1 μM G5 retained a slight increase compared with the viability of each culture at the first day ( Figure 2C ), suggesting that the dendrimer-caused cytotoxicity was transient. In all cultures, the cytotoxicity of five dendrimers ranking from low to high was from G5OH, G1, G4.5COOH, G5, to G7 (Figure 2) , showing that hESC cytotoxicity of dendrimers depends on their terminal group, size, and concentration.
Dynamic Endocytosis of Dendrimer in hESCs. To study the time course of dendrimer access in hESCs and uncover the factors affecting the gene transfection efficiency of dendrimers, the dynamic endocytosis of dendrimers in hESCs was observed using FITC-labeled G5 (FITC-G5) upon its highest transfection efficiency in all dendrimers. In three-dimensional reconstructed images for a total of 180 min we found that nuclear green intensity gradually increased over time. FITC-G5's red fluorescence appeared on the bottom and surrounding cells, indicating nonspecific adsorption of FITC-G5 on the substrate and distribution of FITC-G5 around cells. The yellow fluorescence, derived from the overlap of nuclear green signal with the red signal from FITC-G5, emerged and gradually increased in hESCs at 72 min and thereafter, demonstrating the entrance of FITC-G5 into the nucleus ( Figure 3A) .
Average time-lapsed intensity curves of FITC-G5 and nuclear dye and the ratio of FITC-G5 to nuclear dye per cell in the z0−z8 layers (from the closest to farthest away from the substrate) demonstrated endocytosis (leading to an increased intensity), more exocytosis than endocytosis (leading to a decreased intensity), and a balance between endocytosis and exocytosis (leading to a constant intensity) of a fluorescent dye in hESCs. We found the fluorescence intensities of the z0−z4 layers were similar for FITC-G5 and nuclear dye. They were gradually increased and peaked at 45 min. The fluorescence intensities were then gradually decreased to a low level at 72 min and maintained thereafter. These results disclosed that in the z0−z4 layers the hESCs exhibited more endocytosis than exocytosis in 45 min, more exocytosis than endocytosis between 45 and 72 min, and a balance between exocytosis and endocytosis thereafter. The fluorescence intensities of the z5−z8 layers were slightly different for FITC-G5 and nuclear dye. Within 50 min, the intensity of FITC-G5 maintained a slow increase, while the intensity of nuclear presented initially a high level and slightly hESC gene transfection efficiency of dendrimers ranking from high to low was 10 μM G5, 50 μM G5, 1 μM G5, 0.5 μM G7, 1000 μM of G1, and 1 μM G7. NS represented no significant difference at p < 0.05. There were significant differences between any other two groups.
decreased to a low peak. Both fluorescence intensities of FITC-G5 and nuclear dye were then sharply increased to a high level at 72 min and maintained thereafter. These results revealed that, in the z5−z8 layers, hESCs exhibited slightly more endocytosis than exocytosis for FITC-G5 but more exocytosis than endocytosis for nuclear dye within 50 min. At the duration between 50 and 72 min, endocytosis was more than exocytosis for both dyes. A balance between exocytosis and endocytosis was achieved thereafter ( Figure 3B ).
Dendrimer-Induced Stemness or Differentiation of hESCs. To assess the effect of dendrimers on the pluripotency and differentiation of hESCs, the reverse transcriptase−polymerase chain reaction was performed to uncover the RNA expression of pluripotent (Nanog, Oct4), endodermal (Foxa2, Gata6), and ectodermal (Nestin, Tubulin) markers. No significant difference was found among the cells tested (Figure 4) .
To test the influence of dendrimers on the maintenance of pluripotency, three pluripotent markers in hESCs, including Oct-4, Nanog, and E-cadherin, were analyzed using immunofluorescence assays. Oct-4 is a protein critically involved in the self-renewal of undifferentiated embryonic stem cells and is frequently used as a marker for undifferentiated cells. Too much or too little Oct-4 causes differentiation of hESCs. 22 Nanog is a transcription factor in ESCs and is thought to be a key factor in , and the ratio of FITC-G5 to nuclear dye per cell (c). Hoechst 33342 for nuclear staining was added 10 min prior to the time (=0) FITC-G5 was added. The z0−z8 layers represented the closest to farthest layers relative to the substrate at a layer height of 1.78 μm. Dendrimer endocytosis was confirmed, but their exocytosis was prominent after 50 min in hESCs.
maintaining pluripotency and functions in concert with other factors such as Oct4 to establish ESC identity. 23 E-cadherin is a single-pass transmembrane glycoprotein that regulates localization of cell surface molecules and enhances colony formation and self-renewal in hESCs. 24 Nanog images were presented as an example marker ( Figure 5 ). Quantitative analyses showed that, compared with control, transfection with 1−100 μM G1, G4.5COOH, or G5OH as well as 1 μM G5 maintained or increased hESC expression of Oct-4. From 1 to 100 μM G1 and 1 μM G5 maintained or decreased Nanog expression, and 1−100 μM G4.5COOH maintained or increased Nanog expression. From 1 to 100 μM G5OH did not affect Nanog expression. Transfection with 1−100 μM G1 and 1 μM G5 maintained or decreased the expression of E-cadherin, whereas 1−100 μM G4.5COOH maintained or increased expression of E-cadherin. From 1 to 100 μM G5OH did not affect E-cadherin expression ( Figure 6 ). Expression levels of three markers in cells transfected with 10−100 μM G5 or 1−100 μM G7 were too low to be tested, mainly due to the high cytotoxicity of dendrimers. Therefore, only 1−100 μM G4.5COOH and G5OH maintained or even profited the expression of three pluripotency markers, in which the same concentration of G4.5COOH was better than that of G5OH. In all, the ability of a dendrimer to maintain hESC pluripotency ranking from high to low was from G4.5COOH, G5OH, to G1. These results confirmed that the expression of biomarkers in dendrimer-transfected H1 cells depends on the terminal group followed by the size and concentration of the dendrimers.
■ DISCUSSION
Although it is widely tested for how the type, size, and zeta potential of vector affect gene transfection efficiency in cells, 25 the systematic study in hESCs remains scarce. The goal of this study is to map the characteristics of distinct nanoparticles in transfection efficacy of hESCs. We chose the widely used dendrimer as a model to test the influence of the size and surface group as well as cytotoxicity and endocytosis on the hESC gene transfection. Our work is irrespective of those reports on dendrimer variable gene transfer efficacy in different cell types 18, 20 and different from those observations of mere cytotoxicity but no influence on cellular differentiation of amino functionalized dendrimers for mesenchymal stem cells.
26 From our data, a parameter set of size, concentration, and zeta potential (end-group identity and position) optimized as 5 nm, 10 μM, and slightly positive charge provides a high transfection efficacy, low cytotoxicity, and well-maintained stemness. By understanding that the optimized parameter set varies with hESC lineage or stem cell types, these results afford insight into improving the gene transfection of stem cells.
Our gene transfection in hESCs showed that the efficiency is mostly affected by the terminal group (zeta potential), followed by concentration and size of the dendrimers used ( Figure 1 ). Only amine-, but not hydroxyl-or carboxyl-, terminated dendrimers have the gene transfection capability, even greater than that of Lipofectamine 2000 in hESCs. This may result from the significant negative charge of hydroxyl-or carboxyl-terminated dendrimers in cell culture media. Ten micromolar G5 transfected the most genes/per cell in the greatest amount of hESCs, much better than G7 and in the range of the previous study about structure/function relationships of PAMAM dendrimers/DNA as gene delivery vehicles. It is indicated that G4 and G7 have an intermediate relative affinity for DNA and yield the prominent efficiency among G2, G4, G7, and G9. 27 Inconsistent with the previous observation that G7 is significantly more active than G5 since it could form a bigger size of small transient pores in cell membrane than G5 when interacting with cellular membrane (see review in ref 19) , we found only a low concentration of G7 (0.5 and 1 μM) received gene transfection in hESCs for its high cytotoxicity. 27 A high concentration of G1 (1000 μM) delivered a similar amount of genes/per cell in less hESCs compared with 10 μM G5, promoting the great influences of size and density of amine groups (zeta potential) on gene transfection. To improve the gene transfection of PAMAM dendrimers, many works have been performed. Modification is an effective way. For example, to utilize the targeting capabilities of RGD integrin, RGD motif is conjugated to PAMAM dendrimer G5 and G6, in which the gene delivery is improved 3-fold in comparison to native dendrimers. 28 To apply the capacity of lipids to interact with biological membranes, hydrophobic chains are added in G5 PAMAM as corona. Although the zeta potential is decreased and the size is increased, the modified dendrimers exhibited an improved capacity (as high as 4.5-fold) with similar cytotoxicity, especially when the vectors contain the smallest hydrophobic chains (mean number of −CH 3 at 12.6 and mean number of −CH2− at 72.3 in one dendrimer molecule). 20 Change in gene transfection method is also operative. Gene transfection efficiency is enhanced for up to 4-fold by activating dendrimers using heating at 40°C for 8 or 48 h 29 or by a novel microfluidic platform. 30 Our data supported that parameter optimization is preferential for transfection of dendrimers into hESCs, most likely on their end-group identity and size.
We found that hESC cytotoxicity of dendrimers ranking from low to high was from G5OH, G1, G4.5COOH, G5, to G7 (Figure 2 ). Previous observations disclosed that the cytotoxicity of PAMAM dendrimers increases with generation, independent Figure 5 . Immunofluoresence images of Nanog at the third day for hESC H1 colonies treated with various concentrations of dendrimers. Note that the absence of images at 10, 50, or 100 μM for G5 was due to the disappearance of green fluorescence signal for its high cytotoxicity to the cells. of surface charge, and that the anionic dendrimers of carboxylate surface are noncytotoxic over a broad concentration range (see review in ref 19) . We also revealed the low cytotoxicity of carboxyl-ended dendrimer in hESCs. Furthermore, we disclosed the relatively lower toxicity of hydroxy-ended dendrimer in comparison with the similar size of amine-and carboxyl-ended dendrimers in hESCs in which the low toxicity of carboxyl-and hydroxy-ended dendrimers may result from their significant negative zeta potential. In addition, great impact of zeta potential on hESC toxicity was revealed when comparing the cytotoxicity of G5 and G7, where G7 was more severe than G5. G5 and G7 have similar particle size (4.82 vs 5.26 nm) in mTeSR medium but big variance in zeta potential (0.84 vs 7.51 mV) ( Table 1) . To reduce the cytotoxicity of amine-ended PAMAM dendrimer, changing the primary amines to secondary or tertiary amines or quaternization and shielding of surface groups, e.g., through covalent attachment of C12 lauroyl groups or PEG 2000, were found to be effective. 19 Our results confirmed the endocytosis and significant exocytosis of dendrimer into and from hESCs ( Figure 3 ) and also showed that the ability of a dendrimer to maintain hESC pluripotency ranking from high to low was from G4.5COOH, G5OH, to G1 (Figures 4 and 6 ). Combining the chemical structure of dendrimer, the previous modifications on PAMAM dendrimer and our results of gene transfection, cytotoxicity, endocytosis, and stemness/differentiation, the overall size and zeta potential of dendrimers should be considered in the design of hESC gene transfection vector. A size of around 5 nm and a slightly positive zeta potential may be feasible. In more detail, positively charged primary, secondary, or tertiary amines are needed to compact genes, which may be arranged in the relative inner layer to shield their cytotoxicity. By contrast, the hydroxyl or carboxyl groups can be arranged in the outer layer to directly contact with hESCs to exhibit low toxicity and good pluripotent maintenance. In addition, lowering the exocytosis from hESCs and increasing the binding of dendrimer/genes with hESC nucleus are effective ways to improve gene transfection efficiency.
■ CONCLUSION
In summary, we demonstrated that amine-, but not hydroxyl-or carboxyl-, terminated dendrimers have a gene transfection capability greater than that from Lipofectamine 2000 in hESCs, where 10 μM G5 has the greatest efficiency. These types of dendrimers could be detrimental to the growth and pluripotent maintenance of hESCs. Dendrimer exocytosis in hESCs is prominent after 50 min. Careful consideration of size, concentration, and zeta potential, particularly the identity and position of groups, as well as minimized exocytosis should be taken into account in the design of cationic nanoparticles used for hESC gene delivery.
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